INTRODUCTION
Circularly polarized (CP) light possesses spin angular momentum (SAM) with a helicity defined as its projection to linear momentum of propagating optical wave. In addition to SAM, optical wave can be rendered to possess orbital angular momentum (OAM) by constructing a vortex beam having helical wavefront. [1] Both SAM and OAM are utilized to carry informations in optical communication via polarization-division or OAM-division multiplexing. Differently from 2 modes of SAM with spins of ±1, the number of modes of OAM is not restricted since the topological charge of vortex beam is determined by twisting number of the helical wavefront. Owing to the availability of a large number of modes, vortex beams have been widely employed in applications to increase the signal channels for optical communications. [2] [3] [4] In those applications it is necessary to be able to manipulate and control the intensity and phase distributions of vortex beam. Anisotropic planar structures such as metasurface are important optical elements for such applications when SAM is utilized for shaping vortex beam, since interaction of SAM and OAM with optical beam orbit is enhanced. [5] There are several well-known means to create vortex beams, for example, a pair of cylindrical lenses, spiral phase plate, fork-shaped grating, and spatial light modulator as well as photonic integrated devices. [6] [7] [8] [9] Another important means to create vortex beams is to make use of geometric phase by constructing space-variant Pancharatnam-Berry phase optical elements including subwavelength diffraction grating [10] and liquid crystal q-plates in spin-to-orbital AM conversion (SOC) process. [11] Related to metasurface, a high-efficiency SOC has been demonstrated to generate vortex beams with high topological charges in the visible wavelength based on dielectric metasurfaces. [12] Now we address the question how the degeneracy of spatial beam profiles of SOCgenerated vortex beams can be lifted in SOC to provide spin-controlled spatial beam profiling such that the beam centers of gravity of vortex beams with opposite signs of topological charges are spatially separated by transverse-shifting in opposite directions. Optical Hall effect is one means to achieve spatial separation by use of spin-dependent transverse shift originating from SAM-or OAM-orbit interaction, which is also technically important when spatially demultiplexing OAM-mode division multiplexed superposition states.
Here, we introduce a cyclic group symmetric metasurface (CGSM) to generate vortex beam exhibiting a spin-and orbital-AM dependent transverse shift by identifying SOC in terms of geometric phase acquired by an optical beam in cross-polarization scattering from ring structure of nano-antennas. By designing CGSMs belonging to the cyclic group C n , dynamical phase of cross-polarization scattered beam is altered according to the order n of cyclic group while keeping geometric phase constant. When n-fold rotational symmetry of azimuthal dynamical phase gradient is an odd integer n, there results a spin-and orbital-Hall effect. [13] GEOMETRIC AND DYNAMICAL PHASES IN OPTICAL HALL EFFECT Intrinsic optical spin or orbital Hall effect refers to spin-dependent or vortex-charge dependent transverse shift, a consequence of the coupling between SAM or OAM with optical beam orbit originating from transversality of electromagnetic wave. [14, 15] . In a general framework of physical description, it is an effect of fast degree of freedom (SAM or OAM) on slow degree of freedom (optical beam orbit), described by momentum-space Lorentz equation of motion in the presence of a Berry curvature of topological monopole. [16] [17] [18] Spin-dependent transverse shift of optical beam is also achieved by geometric PancharatnamBerry (PB) phase in a linear array of nano-antennas, called extrinsic optical spin Hall effect, to distinguish from the transverse shift originating from topological monopole. The amount of shift is related to PB phase as shown in Fig. 1 a, d , e. [19] In a circular array of nano-antennas with uniform width and length, even though not exhibiting spin-dependent transverse shift, spin-dependent PB phase is utilized to generate vortex beam by SOC in Fig. 1 b, f, g. [10, 11, [20] [21] [22] Polarization states in Poincaré sphere go through a circular trajectory twice providing the solid angle ±8π corresponding to geometric phase ±4π, generating vortex beam of l = ±2, as shown in Fig. 1 c. Optical wave scattered from the circular array acquires a phase factor, entirely geometric phase coming from a circular closed path C in Stokes parameter space, leading to dγ(C) = ±4π with a constant azimuthal PB phase gradient ∇ φ Φ P B = ±2. Therefore, the intensity profiles of I −+ (r, φ) = |E −+ | 2 and I +− (r, φ) = |E +− | 2 are degenerate even though helical phases are opposite for l = ±2, where {+−} stands for left-circular polarization (LCP, σ + ) scattering / right-circular polarization (RCP, σ − ) incidence and {−+} vice-versa. In
, where a constant ∇ φ Φ P B leads to φ-independent amplitude J ±2 (r)e −k 0 2 r 2 from the fact that each two neighboring nano-antennas provide an equal amount of PB phase during one full cycle, owing to rotational invariance of circular array of nano-antennas.
It has been reported that a spin-dependent transverse shift of vortex beam in SOC is observed by lifting degeneracy in OAM though rotational symmetry breaking without clarifying the underlying role of azimuthal phase gradient in giving rise to extrinsic spin-and orbital-Hall effect. [23] [24] [25] [26] Now we examine how the azimuthal phase gradient is closely related to the existence of extrinsic spin-and orbital-Hall effect.
Consider a circular array of nano-antennas with different sizes from 1 to 16 in the range of 0 ≤ φ ≤ 2π, as shown in Fig. 2 a. Scattering wave from the circular array acquires a phase factor originating from both geometric phase γ(C) and dynamical phase Φ D , [27] where γ(C) is wavelength-independent while Φ D has a frequency dispersion related to plas- We used 1mm thick borosilicate glass round substrates with diameter of one inch (UQG Optics). First, the substrates were cleaned in sequential bathes of acetone and isopropanol, assisted by ultrasonicating. Then the substrates were rinsed in deionized water and dried by nitrogen flow followed by oxygen radical plasma treatment in a barrel reactor (Nanoplas, France) to activate the glass surface. Second, an electron beam resist (PMMA, ARP 679) and a conductive polymer (SX AR PC 5000/90.2 from Allresist, Germany) layers were successively spin-coated. The thickness of the resulting layer was chosen to be about 70nm and it was measured by a contact profilometer (DektakXT, Bruker, Germany) after e-beam exposition and resist development. Third, we used an e-beam lithography (EBL) tool (Pioneer, Raith, Germany) for sample patterning. We used 20kV acceleration voltage of the electron gun, and the beam current was 0.016nA for the aperture of 7.5µm. The typical working distance was about 5mm, and the nominal exposition dose was chosen in the range from 100 to 180µC/cm 2 . Forth, two successive metal layers (Cr, 3nm for seeding and Au, 
C 5 , and C 6 symmetries, and SEM images of C ∞ and C 1 TA-CGSMs are shown in Fig. 3 c. Among experimental measurements in Fig. 3 e, f, C ∞ TA-CGSM exhibits degenerate φ-independent intensity profiles for I −+ and I +− , while C n (n = ∞) TA-CGSMs exhibits φ-dependent intensity profiles of I −+ and I +− , owing to non-constant azimuthal PB phase gradient Φ P B coming from plasmonic resonance of TAs. Difference ∆I = I −+ − I +− in 
PARTIAL WAVE DECOMPOSITION
Vortex beam with topological charge l is described by Bessel-Gaussian beam, [31] 
In order to clarify how the addition of dynamical phase to geometric phase in SOC alters φ-dependence of phases Φ −+ (φ) and Φ +− (φ), experimentally measured intensity profiles in with phases in Fig. 4 d, e. Spin-dependent vortex beams with asymmetric helical wave front are described by
whereã l is the l-th order complex coefficient of the Fourier expansion, i.e.,ã l = a l e iψ l ,
is total phase. It shows that the far fields are determined by the local topological features of interfering fields. The fit values of partial-wave expansion coefficientã l are listed in Table 1 .
We observe two important features. First, phases of E −+ (φ) and E +− (φ) are opposite, and E +− , and ∆I = 0 leading to non-vanishing spin-dependent transverse shift. Third, a frequency dispersion of dynamical phase due to the plasmonic resonance of TA renders intensity profiles to be dependent on the incidence beam wavelength, confirmed to be true.
WAVELENGTH DEPENDENCE OF EXTRINSIC SPIN-AND ORBITAL-HALL EFFECT
The role of dynamical phase can be identified by examining wavelength dependence of the spin-and orbital-Hall effect since plasmonic resonance of nano-antennas is wavelengthdependent. We measured the spin-and orbital-dependence of far field intensity C 1 metasurface by employing lasers with different wavelengths as shown in Fig. 6 . Single-mode fiber pigtailed laser diodes with wavelengths λ = 1, 310nm, λ = 730nm, and λ = 660nm are adopted as normal-incidence illumination sources. Direction of the transverse shift goes through clock-wise rotation as the wavelength gets shorter. While geometric phase is wavelength-independent, dynamical phases originating from multiple TA antennas with varying widths give rise to wavelength-and φ-dependent far-field intensity distributions.
On the other hand, C 1 metasurface possessing σ yz symmetry, i.e., reflection symmetry with respect to yz-plane, allows for splitting of vortex beam along x-direction only as shown in Fig. 6 g-i, and direction of the transverse shift is fixed along x-direction as the wavelength get shorter, exhibiting no wavelength-dependence. We note that in C 
Section 1. Finite difference time domain (FDTD) simulations
We used finite difference time domain (Lumerical FDTD) method to calculate the farfield intensity (I −+ , I +− ) and phase (Φ −+ , Φ +− ) distributions of scattered field from C n metasurfaces. In Fig. S1 , the white dashed lines indicate the centers of gravity calculated numerically from the intensity distributions. σ-and l-dependent transverse shift of gravity corresponds to spin-and orbital-Hall effect of light. 
Section 5. Fourier decomposition in terms of Bessel-Gaussian beams
The spin-dependent vortex beams with asymmetric helical wave front are described by
where theã l is the l-th order complex coefficient of the Fourier expansion, i.e.,ã l = a l e iψ l ,
total phase. It shows that the far fields are determined by the local topological features of interfering fields. Note that
and
Section 6. Sample fabrication
Plasmonic CGSMs were fabricated on 1mm thick round borosilicate glass substrates with a diameter of 25mm (WBO-215 from UQG Optics). First, the substrates were cleaned in successive ultrasonic bathes of acetone and isopropyl alcohol (IPA, propan-2-ol) in order to remove eventual organic contaminants and dried under clean nitrogen flow. After chemical cleaning, the substrates were introduced into the barrel oxygen plasma reactor (Nanoplas, France) for 10 minutes at a temperature of 150 o C in order to remove remaining solvent traces and to increase their wettability. Second, 60-70nm thick layer of e-beam resist (PMMA diluted in ethyl-lactate, AR-P 679 from All-Resist, Germany) was spin-coated onto the clean substrate surfaces at a rotation speed of 6000rpm. Then, the e-beam resist underwent a soft baking process (10 min at 170 o C on a hot plate), and the second, conductive resist was spin-coated on the e-beam resist (SX AR-PC 5000/90.1 from All-Resist) and baked for 2 min at 85 o C. We used conductive resist in order to prevent charging of insulating glass surfaces during the electron-beam lithography (EBL) fabrication step. Pioneer system (from Raith, Germany) equipped with a field emission electron gun was used for EBL patterning.
We used the e-beam acceleration voltage of 20kV , beam current of 0.016nA, and aperture of 7.5 µm. The working distance was about 5mm. Each sample contained a design of multiple CGSMs organized in a matrix with a pitch of 2mm in order to prevent eventual interactions during optical measurements. We slightly varied the EBL exposure dose in order to finely tune the width of individual features constituting the CGSMs. In the matrix rows, the nominal exposure dose was increased from 130 to 180 µC/cm 2 , and the order of different CGSMs increased from C 1 to C 6 in the matrix columns. PMMA is a positive resist, and the exposed resist areas are then easily dissolved in a corresponding solvent during the development step. After exposure, the conductive resist layer was removed with deionized water. The samples were then developed for 60 s in a commercial solution (AR 600-55 from All-Resist) containing a mixture of methyl isobutyl ketone (MIBK) and IPA.
The development was stopped in pure IPA bath and the samples were dried under nitrogen flow. Third, a 2-3nm thick chromium seed layer and 27nm thick optically active gold layer were successively evaporated under vacuum (Auto 306 tool from Edwards). The thickness of deposited metal was monitored in situ using a quartz crystal microbalance. A lift-off process in ethyl-lactate in an ultrasonic bath was used to remove the e-beam resist as well as the excess of gold and chromium in the sample areas which were not exposed to the electron beam during EBL. Finally, the samples were rinsed in deionized water and dried under nitrogen flow.
After fabrication of the samples, the total thickness of deposited metal layer (30nm) was confirmed by contact mechanical profilometer measurements (Dektak XT, Bruker, Germany). Then, the samples were characterized by optical microscopy as well as by Scanning
Electron Microscopy (SEM) using the same Pioneer system as for EBL. All the CGSM were 
